Over the last decade , fluorescence in situ hybridization (FISH) has become a firmly established technique in the diagnosis and assessment of lymphoid malignancies. However , this technique is not widely used in the routine diagnostic evaluation of paraffin-embedded biopsies , most likely because of a perception that it is technically more demanding. There are also uncertainties regarding diagnostic thresholds and the way in which results should be interpreted. In this Review , we describe practical strategies for using FISH analysis to detect lymphoma-associated chromosomal abnormalities in routine paraffin-embedded lymphoma biopsies. Furthermore, we provide proposals on how FISH results should be interpreted (including how to calculate cutoff levels for FISH probes), recorded, and reported. An online appendix (available at http:// jmd.amjpathol.org) details various simple , yet robust procedures for paraffin FISH analysis; it also provides additional information on the production of FISH probes , evaluating and reporting FISH results , sources for reagents and equipment , and troubleshooting. We hope that these suggestions will make FISH technology for the study of lymphoma biopsies more accessible to routine diagnostic and research laboratories. Cytogenetic analysis, based on banding techniques, has historically proved to be invaluable for the detection of chromosomal abnormalities in tumor samples and is still considered to be the "gold standard" technique in tumor cytogenetics because it is the only technique providing a complete overview of all chromosomal changes within a tumor cell. However, the lack in availability of fresh material, the low mitotic index and/or percentage of neoplastic cells, the cytogenetic complexity, and the time-consuming nature of analysis all impose restrictions on the use of this technology for routine diagnosis.
Over the last decade , fluorescence in situ hybridization (FISH) has become a firmly established technique in the diagnosis and assessment of lymphoid malignancies. However , this technique is not widely used in the routine diagnostic evaluation of paraffin-embedded biopsies , most likely because of a perception that it is technically more demanding. There are also uncertainties regarding diagnostic thresholds and the way in which results should be interpreted. In this Review , we describe practical strategies for using FISH analysis to detect lymphoma-associated chromosomal abnormalities in routine paraffin-embedded lymphoma biopsies. Furthermore, we provide proposals on how FISH results should be interpreted (including how to calculate cutoff levels for FISH probes), recorded, and reported. An online appendix (available at http:// jmd.amjpathol.org) details various simple , yet robust procedures for paraffin FISH analysis; it also provides additional information on the production of FISH probes , evaluating and reporting FISH results , sources for reagents and equipment , and troubleshooting. We hope that these suggestions will make FISH technology for the study of lymphoma biopsies more accessible to routine diagnostic and research laboratories. Cytogenetic analysis, based on banding techniques, has historically proved to be invaluable for the detection of chromosomal abnormalities in tumor samples and is still considered to be the "gold standard" technique in tumor cytogenetics because it is the only technique providing a complete overview of all chromosomal changes within a tumor cell. However, the lack in availability of fresh material, the low mitotic index and/or percentage of neoplastic cells, the cytogenetic complexity, and the time-consuming nature of analysis all impose restrictions on the use of this technology for routine diagnosis. 1, 2 This is particularly true in the context of surgical biopsies, which reach the laboratory in an unfixed state in a few specialized centers but only rarely in peripheral laboratories. Information from conventional cytogenetic analysis can also, in part, be obtained by the use of polymerase chain reaction (PCR), Southern blotting, or comparative genomic hybridization techniques. [3] [4] [5] [6] [7] [8] However, the suitability of PCR and Southern blotting analysis for the detection of lymphoma-associated translocations is limited when chromosomal breakpoints are spread over a large genomic region, eg, as is the case for t(11;14)(q13;q32) translocations involving the CCND1 gene. 4 Furthermore, because anomalies such as t(14; 18)(q32;q21) and t(2;5)(p23;q35) translocations can be found in healthy individuals, the high sensitivity of the PCR technique can result in a degree of false-positive findings. 9 Because comparative genomic hybridization analysis does not detect balanced translocations, it is of limited use for routinely diagnosing lymphomas in which the chromosomal translocations represent the commonest anomalies of diagnostic value. Most importantly, these techniques do not work as reliably on routine biopsies as they do on fresh tissue, and in practice, none of them are widely used for studying lymphoma biopsies in diagnostic laboratories.
Interphase fluorescence in situ hybridization (FISH) has long been used for characterizing hematological malignancies in bone marrow and blood samples, and several reports of its use on paraffin-embedded lymphoma biopsy material have appeared in the past 6 years (Table  1) . However, it is still not widely used in routine diagnosis, probably because it is perceived to be technically demanding and costly. There are few guidelines or practical reviews for laboratories that wish to introduce this technique into routine practice. 10 In this Review, we describe strategies that are effective for identifying lymphoma-associated chromosomal abnormalities in routine paraffin-embedded tissue biopsies. We suggest approaches to the calculation of diagnostic cutoffs based on false positive rates and to the observation, recording, and interpretation of FISH analysis of this type of material. An online appendix (see supplemental material at http://jmd.amjpathol.org) details several protocols for FISH analysis and an extensive discussion on other factors important to the application of FISH to paraffin-embedded tissue.
We hope that these suggestions will make FISH technology for the study of paraffin-embedded lymphoma biopsies more accessible to routine diagnostic and research laboratories. It should be noted that this Review is dedicated to FISH on paraffin sections prepared from tissue biopsies rather than to leukemic samples. In the latter, conventional cytogenetic analyses supplemented by FISH are still the gold standard and should be routinely used.
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As a background to this practical review, it is valuable to consider the type of cytogenetic abnormalities that arise in human lymphoma and also the principles underlying their detection by the FISH technique in routine biopsies.
Cytogenetic Abnormalities in Lymphomas
A variety of primary and secondary nonrandom clonal cytogenetic abnormalities are found in lymphoid neoplasms, comprising translocations, inversions, insertions, duplications, amplifications, deletions, and aneusomy (eg, monosomy and trisomy). 12 Characterization of the consequences of these changes at the DNA level has often provided the first step in the identification of lymphomagenesis-associated genes. [13] [14] [15] [16] Furthermore, many of the proteins encoded by these genes play important roles in diverse cellular functions such as apoptosis, regulation of cell growth, cell cycle control, and cell differentiation. 15, 16 Primary karyotypic changes in lymphoid neoplasms commonly juxtapose oncogenes to the potent transcriptional enhancers associated with IG and TCR loci in B and T cells, respectively, often resulting in elevated levels of protein expression and loss of normal mechanisms of control. 13, [15] [16] [17] [18] Less commonly, fusion genes are created that encode novel hybrid proteins (eg, NPM-ALK in anaplastic large-cell lymphoma or API2-MALT1 in MALT lymphoma). 13, 19 Primary karyotypic abnormalities are often closely associated with an individual lymphoma subtype, and they can hence be of diagnostic value (Table 2 ). It should be noted, however, that not all cases in a particular lymphoma category necessarily harbor the expected translocation, eg, the t(14;18)(q32;q21) translocation, which is observed in only about 85% of follicular lymphomas, 20 so its absence does not exclude this diagnosis. Also, some genetic abnormalities are seen in more than one category of hematological malignancy, eg, the t(8; 14)(q24;q32) translocation found in Burkitt's lymphoma but also, less commonly, in diffuse large-B-cell lymphoma, follicular lymphoma, mantle cell lymphoma, and other lymphomas. It is thus important to interpret the FISH results obtained from a lymphoma biopsy in the context of the patient's clinical features and the pathology and immunohistology reports.
Secondary chromosomal changes occur more commonly in some types of lymphoma than others. They are characterized by multiple aberrations and can often be of prognostic value. For example, the t(8;14)(q24;q32) translocation is a primary aberration in Burkitt's lymphoma, but it can also arise as a secondary aberration in follicular lymphoma, 13, 21 in which case, it is associated with poor prognosis.
Principles Underlying Interphase FISH
FISH methodology involves the binding of fragments of single-stranded DNA to complementary genomic target sequences in a cell or tissue preparation. These DNA probes are labeled, either directly or indirectly, with a fluorochrome, yielding a sharply defined fluorescent signal at the site of the target sequence within the nucleus.
1,2 Most probes used in diagnostic laboratories are commercially available and are directly labeled with fluorochromes, and the present Review (and the online appendix) is based on this type of reagent. However, the online appendix also gives brief details of how to prepare "homemade probes" using a fluorescent label.
Types of Probes for the Detection of Translocations
There are two fundamentally distinct categories of probes ( Figure 1 ) for the detection of translocations. Such probes differ in terms of the type of information they yield, their sensitivity, and their ease of interpretation.
Dual-fusion probes consist of pairs of probes labeled in distinct colors, with each probe binding to a different chromosome. In contrast to single-fusion probes, which are located close to the translocation breakpoint and have a lower sensitivity, dual-fusion probes are designed to span the translocation breakpoint regions in the two different genes involved in a reciprocal translocation (Figure 1 ). For example, probes of different colors binding to the MYC (red) and IGH (green) genes are used to detect the t(8;14)(q24; q32) translocation. In a normal intact cell, two separate red and two separate green individual signals will be visible, whereas a reciprocal translocation t(8;14)(q24; q32) will generate two fused red/green signals (often appearing as single yellow signals), accompanied by one red and one green signal (representing the normal loci). It has to be added that this is the "classical" abnormal pattern: variant and complex patterns may also be seen (eg, because of gains, amplifications, or deletions). Any pattern differing from the signal patterns observed in normal cells should also be considered abnormal if it appears in a significant proportion of cells (Figures 2 and 3) . If the number, intensity, and location of signals in aberrant patterns is carefully evaluated and interpreted, it can provide valuable information on the underlying chromosomal change.
Break-apart probes also consist of pairs of two differently colored individual probes (ie, one red and one green). Each binds to sequences flanking the known breakpoint region in a locus or gene of interest ( Figure  1) , with the consequence that two sets of red/greenfused signals (representing the two alleles) will be visible in a normal diploid cell (provided the nucleus is intact). In an abnormal diploid cell, in which one allele has been split by a translocation, a separated red and green signal will be visible (hence the term "breakapart") in addition to the normal fused signal. As for dual-fusion probes, any signal pattern deviating from the normal signal pattern described by the manufacturer or from those seen in normal cells should be considered abnormal (Figure 2 ) (see Principles of FISH Evaluation and online appendix for a discussion on cutoff values). Figure 1 . Schematic representation of the characteristics of dual-fusion and break-apart probes. Depending on probe design (eg, the distance between the regions recognized) and the state of the genomic DNA at the time of fixation, a fused signal may appear either as a colocalized red and green signal or as a single yellow signal. When using break-apart probes, red/green signal pairs will occasionally appear to be slightly separated because of the secondary structure of the target DNA. 10, 11 However, normal signals may occasionally appear to be slightly separated when using break-apart probes, depending on the localization and secondary structure of the DNA, increasing the chances of a falsepositive result. Thus, the "normal" pattern has to be carefully defined, eg, by evaluating the distance between signals in relation to the signal diameter. Depending on the probe design, the locus under study, and the material investigated, a signal pair might be scored positive only when a certain distance (eg, defined in relation to the signal diameters) is observed between signals (see Principles of FISH Evaluation).
A positive result using dual-fusion probes requires two fusion signals, an event that is very unlikely to occur by chance. Thus, dual-fusion probes are, strictly speaking, superior to break-apart probes regarding sensitivity because their false-positive rate on normal tissue is virtually zero. 11, 22, 23 This issue can be especially relevant for detecting low levels of tumor cells in lymphomas with bone marrow or peripheral blood infiltration and for detecting minimal residual disease. However, in practice, this theoretic disadvantage is not usually significant when studying tissue sections because most lymphoma biopsies contain many neoplastic cells (with some exceptions, eg, Hodgkin's lymphoma).
Types of Probes for the Detection of Copy Number Changes
Probes to detect copy number changes (eg, aneusomies, deletions, or amplifications) (Figure 3 ) are usually labeled in a single color and span the genomic region of interest. Such probes are either locus-specific (eg, REL and RB1) or detect repetitive sequences, like chromosome enumeration probes (CEPs), that bind to centromeric or pericentromeric satellites. CEPs can be used to detect aneusomies (ie, gains and losses of complete chromosomes) or for sex determination (for which the X and Y chromosomes are labeled in different colors) (Figure 3) after sex-mismatched bone marrow transplantation. Often CEPs will be combined with other types of probes. The commercially available IGH/MYC/CEP8 probe set (Vysis, Downers Grove, IL) contains a Spectrum Aqua (blue)-labeled probe for the centromere of chromosome 8 so that losses of the derivative 8 chromosome can be detected. Also, if the MYC gene is amplified, the inclusion of the CEP8 probe allows the level of amplification to be assessed as the ratio between MYC and CEP8 signals.
The major limitation of detecting copy number changes in tissue sections is that part of the cell can be lost during the sectioning process, leading to artificially induced deletions. This problem is irrelevant for the detection of amplifications, where extra copies or signal clusters will still be clearly visible. However, if the target chromosomal change is a deletion, one has to consider that the cutoff for such changes is high 24 and has to be carefully determined using appropriate negative controls (see Principles of FISH Evaluation).
Preparation of Sections and FISH Labeling
Several publications in the past have recommended the use of sections thicker than those used for conventional histology, on the basis that this minimizes the number of nuclei that are truncated during sectioning. [25] [26] [27] However, thick sections have their own disadvantages, principally the difficulty of interpreting signals in many different focal planes and distinguishing between individual nuclei. It must be considered that conventional sections will contain truncated nuclei, in which one or more FISH signals have been lost. As mentioned above, this is problematic for detecting deletions but not for amplifications and translocations. As a consequence, conventional sections (4 to 6 m) are usually preferred by the authors.
All FISH techniques applied to routine tissue sections begin with dewaxing and dehydration steps, as for conventional (immuno)staining, and this is followed by a crucial "demasking" step in which the tissue is subjected to chemical and/or high-temperature treatment to make nuclear DNA sequences accessible to the probe. Three main methods are described in the online appendix, two using different types of pressure cooker and the third using chemical methods (see online appendix).
Most techniques include a subsequent proteolytic step, thus reducing background and enhancing signal visibility. Following these steps, FISH probes are added to the section and sealed under a coverslip. Samples are then briefly heated (70 to 90°C) to denature genomic DNA before overnight hybridization (37 to 45°C). These two incubation steps may be performed by moving slides from one oven/water bath to another or, more conveniently and reproducibly but also more expensively, by using dedicated hybridizing equipment into which slides are placed and not removed until hybridization is complete. Further details are given in the online appendix.
The demasking steps (whether by heating or chemical means) and subsequent proteolytic treatment are critical for obtaining readable FISH results. Insufficient pretreatment can result in weak or absent hybridization, whereas extended pretreatment can cause the tissue section to separate from the slide. Because tissue fixation and processing varies widely from sample to sample (and often within a single biopsy) and some specimens do not yield satisfactory results on first analysis, the technique may require repeating under different conditions (eg, longer demasking). Factors such as time from surgery to fixation, size of specimen, fixation parameters, and postfixation storage conditions may all potentially effect FISH quality (reviewed by Srinivason et al 28 ) . For instance, the use of buffered formalin is, in our experience, associated with the best hybridization signals. It is important to note that it may, therefore, be difficult or impossible to perform successful FISH analysis on some tissue biopsies, regardless of how many attempts are made.
A discussion of the various techniques is included in the online appendix, including a protocol for "fluorescence immunophenotyping and interphase cytogenetics as a tool for investigation of neoplasms" (FICTION). This technique involves the combination of FISH and fluorescence immunophenotyping, thus allowing the simulta- neous detection of genetic aberrations in immunologically defined cell populations (Figure 4 ).
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Principles of FISH Evaluation
When setting up a research or diagnostic FISH service for routine lymphoma biopsies, the person(s) responsible for interpreting the results should acquire experience of normal and abnormal signal patterns for each probe applied, using negative tissues (eg, tonsil from healthy individuals) and relevant positive samples (eg, lymphomas known to contain the abnormality under investigation). When evaluating the results of FISH labeling, several factors should be kept in mind: the architecture of the tissue, including local variations in neoplastic cell content, fixation, and cellularity within the section; the frequent presence of truncated nuclei; and the complex nature of genetic arrangements seen in some lymphoid neoplasms.
Choice of Area for Evaluation
FISH analysis is normally focused on areas richest in abnormal cells. However, the complete hybridized area should be screened for the presence of subclonal changes that might be of diagnostic and prognostic importance, eg, the presence of t(8;14) only in a subpopulation might indicate transformation into a more aggressive lymphoma. Thus, it may be useful to have a conventionally stained section at hand for reference. Variability will also be observed within the section in terms of tissue preservation and morphological detail. Thus, areas should be avoided where the borders of individual nuclei are not clearly identifiable and/or high cell density causes excessive nuclear overlap. At the same time that the quality of the tissue section is reviewed, the FISH signals should be assessed, looking for areas with bright, distinct signals and low background in which individual nuclei are clearly distinguishable.
Truncation Artifacts
When evaluating sections, it should be recognized that a substantial number of nuclei will have lost one or more of their target sequences recognized by conventional probes, a phenomenon that is more prominent in largecell lymphomas. However, abnormal nuclei that have lost one or more signals due to truncation can also be recognized and interpreted. For example, when using breakapart probes, a nucleus with one fused (normal signal) and one single-color signal is suggestive of a translocation (on the assumption that the other translocated "bro- Red arrow, one red, one green, and three fused signals are present in contrast to the classic two fused, one red, and one green pattern. White arrows, variation of this pattern due to truncation artifacts and/or intraclonal heterogeneity. Green arrow, occasionally, two small probe signals corresponding to a single locus will appear slightly separated (dependent on the probe design, DNA secondary structure, and phase of the cell cycle). Care should be taken not to interpret these as separated signals as being indicative of an abnormality. Blue arrow, when the FISH signals in a neoplastic cell are grouped together, they might be scored as un-interpretable.
ken-apart" sequence has been removed by sectioning). Similarly, using a dual-fusion probe, a nucleus with two single-color (normal) signals accompanied by only one fused signal would also suggest the presence of a translocation in a cell that has lost one fused sequence by tissue sectioning (this may also occur because of a chance colocalization of red and green signals in a normal cell). 10 However, none of these patterns in a single cell are reliable indicators of classical translocations if they are not accompanied by a significant proportion of nuclei also showing an abnormal complement of signals (see below for discussion on cutoff values). When evaluating samples, it is also important to consider the possibility that signals are lost due to a chromosomal loss rather than a cell truncation.
Negative Controls and Establishment of Cutoff Values
One of the most critical factors affecting a proper interpretation of FISH signals in diagnostic samples is the establishment of cutoff values for the different probes used and for all signal patterns that might appear with a given assay. It is widely accepted that the diagnostic cutoff is calculated as the mean of false-positive findings in at least five healthy donors plus three times the standard deviation. For paraffin-embedded material, routine sections from normal lymphoid tissue (eg, tonsils) constitute appropriate negative controls. For a dual-fusion probe, the number of isolated and fused signals must be scored per cell. It also has to be considered that loss of one of the derivative chromosomes involved in the translocation is a nonrandom event in B-cell neoplasias, resulting in only one fusion instead of two. This pattern also commonly appears in negative controls as a result of random colocalizations of the loci under study, frequently leading to cutoff values of up to 15% for this constellation.
For break-apart probes, because the extension of the gap between red and green signals depends on the spreading of the breakpoints and on the probe design, a reproducible scoring system must be established. The authors' strategy is to visually estimate the relative distance between the differentially colored probes of a signal pair within the nucleus and create several categories: 1) overlapping signals, 2) nonoverlapping signals, 3) distance between the signals more than one time the signal diameter, 4) distance between the signals more than two times the signal diameter, and 5) distance between the signals more than three times the signal diameter. In our view, a break-apart probe should ideally have a cutoff between 1 and 5% when the distance between flanking signals is twice or three times the estimated signal diameter.
For probes aimed at detecting copy number changes, the establishment of cutoffs for detecting deletions in paraffin-embedded material requires special consideration because sectioning induces truncation artifacts, and by definition, the cutoff will be higher than in samples containing intact nuclei. With regard to cutoff levels, it must always be taken into account that, for the vast majority of the assays, these are influenced by the condensation of the DNA (decondensed chromatin results in larger signals), the size of the nucleus (larger nuclei are more prone to sectioning artifacts), the assay design (the signal distance in break-apart assays depends partially on the genomic distance of the probes), the ploidy status (cells with supernumerary copies of the investigated loci have a higher likelihood of random colocalizations), the labeling scheme (combinatorial labeling can interfere with signal colocalization), and other variables. Several of these variables such as ploidy, nuclear size, and chromatin condensation can dramatically vary between normal control samples and tumor specimens. Thus, one should take into account that these factors cannot be properly modeled in negative controls. This is of particular importance in samples with low-tumor cell content or subclonal changes.
Complex Chromosomal Abnormalities
Lymphomas may contain more than one chromosomal abnormality, especially those that are acquired as secondary events. These are often "invisible" when cells are analyzed for specific abnormalities by the FISH technique, but on occasion, they can give rise to patterns that differ from the classical alterations (as described in the probe manufacturer's literature). For example, cases of mantle cell lymphoma, follicular lymphoma, and Burkitt's lymphoma will frequently show extra fusion signals and/or extra loci signals (Figures 2 and 4) . These "unusual" patterns should not be ignored but should be considered abnormal and interpreted in conjunction with pathology reports and relevant reports in the literature. It is therefore imperative that the specialist performing the analysis is aware of the possibility of variant signal patterns, and it is advisable to record accurately the FISH patterns in a series of 100 nuclei, and only then to draw conclusion from these patterns. If an observer views a slide looking only for an expected pattern, variant patterns may be ignored, and an incorrect diagnosis may be reached (a section on reporting FISH results has been included in the online appendix).
Future Directions and Conclusion
The establishment of, and adherence to, external quality control systems in laboratories using FISH analysis is essential; such initiatives have been previously described, and several are currently under way. [31] [32] [33] [34] [35] It is also important to foster an interdisciplinary approach involving geneticists, pathologists, and clinicians when using FISH for diagnosis because the quantity and quality of data will be reflected in the accuracy of diagnosis and the efficacy of treatment.
The future will see increasing use of multicolor approaches 36 and techniques that combine immunofluorescence and FISH. 30, 37 These techniques will enhance sensitivity and allow statements concerning both diagnosis and prognosis to be made on the basis of a single assay. FISH analysis can be performed on tissue microarrays, allowing larger numbers of cases to be simultaneously analyzed at lower cost. Furthermore, the development of improved automated FISH analysis systems, capable of counting signals by "tile sampling", 39 will make diagnosis less labor-intensive. In consequence, FISH techniques are likely to play an increasing role in the future of diagnosis and assessment of routine biopsies from hematological malignancies.
